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not require left/right attributes. However the FMA has
the framework to correlate all the entities based on their
ontological definitions and relationships as shown in
Figure 6. In this example, the Talairach term is mapped to
the FMA class Brodmann area 6 of right superior
frontal gyrus, a part_of Gray matter of right
superior frontal gyrus, the FMA class referenced
by DK, which in turn is a part_of the AAL mapped entity
Right superior frontal gyrus. The non-
lateralized NeuroLex classes are then mapped via is_a re-
lation to the lateralized entities represented in the other
terminologies (e.g., Right superior frontal gyrus
(AAL) is_a Superior frontal gyrus (NeuroLex)).

White matter and connectivity relationships
There are a growing number of human neuroimaging
techniques from the emerging field of connectomics
[2,48,49] that can describe white matter connectivity at an
increasing level of detail. Parallel ontological representa-
tions are required to capture and accommodate the newly
derived or updated knowledge models these methods pro-
vide. This is necessary to establish precise and reliable
structural-functional correspondence between disparate

representations of white matter structures. Using new and
classic neuroanatomical knowledge we have enhanced the
FMA representation of white matter tracts and connectiv-
ity relationships between gray and white matter structures.

Partonomy of white matter structures
We pursued a comprehensive spatio-structural representa-
tion of white matter tracts, particularly relating to parton-
omy and connectivity relationships. A good example
addressed by this approach relates to the common practice
of using the same term to represent both the entire tract
and its segments, as in the case of the Corticospinal
tract. In cases where only a very specific segment of the
tract is to be identified, the indiscriminate use of a non-
exclusive term for its annotation can lead to errors and
inconsistencies, especially when machine-processing is
involved. This can be avoided by properly declaring the
parts of a structure with unique terms assigned to each
part and only using the structure specific term for annota-
tion. Figure 7 illustrates this approach using the Corti-
cospinal tract (i.e., the complete structure) and all of
its named segments/parts.

Figure 3 A listing of regional parts (i.e., cortical gyri) that intersect Brodmann Area 6.

Figure 4 Part relationships of Brodmann area 6 of right superior frontal gyrus.
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Granularity of connectivity relationships
Connectivity between neuroanatomical entities entails
relationships at different levels of granularity. Numerous
terms have been used inconsistently to establish con-
nectivity relationships between neurons, between nerve
fibers or tracts and between gray matter structures.

In this paper we proposed and gave definitions to
specific connectivity types for different granular entities
(Table 1).
At the neuronal level, a neuron can synapse_with an-

other neuron or a muscle fiber or a gland cell. Connect-
ivity is at the subcellular level between the pre-synaptic

Figure 5 Correlation of Talairach label to part relationships of Brodmann area 6 of right superior frontal gyrus in the FMA.

Figure 6 An example of how terms from brain atlases and vocabularies (right, yellow) can be correlated by mapping to the
corresponding class in the FMA hierarchy.
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membrane of a neurite of a neuron with a post-synaptic
membrane of a neurite or soma of another neuron or
with a region of a muscle fiber or a gland cell. White
matter structures at the nerve or tract-level (i.e., collec-
tion of axons) projects_to and projects_from any region
of the neuraxis (i.e., a term referring to both brain and
spinal cord). For example, the Dorsal segment of
superior longitudinal fasciculus (i.e., SLF I)
projects_from Brodmann area 6 of superior
frontal gyrus and projects_to Brodmann area 5 of
superior parietal lobule. Finally, we created tern-
ary relationship types that model neural connectivity
between any two regions of the neuroaxis connected by
white matter. Gray matter structures receives_input_from
and sends_output_to other gray matter structures, as
shown in Figure 8 for Putamen.
The connectivity relationships we propose capture the es-

sential levels needed to express how information is commu-
nicated throughout the brain. However, several other efforts
are working on the issue of neural connectivity relations.
For example, the OBO Relation Ontology [50] proposes re-
lations such as has_fasciculating_neuron_projection and
axon_synapses_in. As additional relationships are defined,
the FMA will provide a framework to accommodate these
terms for further refinement of connectivity representation.

Cerebral sulci
Among immaterial anatomical entities, particular atten-
tion was directed to anatomical spaces such as the cere-
bral sulci. Sulci are defined in different contexts,
depending on the operational needs of the users. In
some labeling protocols, sulci are treated as 1-D lines
that serve as boundaries of gyri, whereas in surface-
based parcellation models they are spaces or grooves
that surround the gyri. The PALS-B12 atlas from Caret
[51], a significant labeling scheme of widespread utility,
involves the use of sulci to identify and contour “buried”

Figure 7 Regional partition of the corticospinal tract from the
brain to the spinal cord.

Table 1 White matter connectivity terms and definitions

Innervate A connectivity relation where a neurite of one neuron synapses with a neurite or a region of the soma of another neuron or
a region of a muscle cell or a gland cell.

Synapse_with A connectivity relation where there is apposition between the presynaptic membrane of a neurite of one neuron and the
postsynaptic membrane of one or more neurites of another neuron or a region of a muscle cell or a gland cell and some
form of neurotransmission is evident between them.

Projects_to A connectivity relation where individual axons comprising a fiber tract originating from one or more brain regions
synapse_with neurites or somas of a collection of neurons located in one or more other brain regions. This relation may be
synonymous with ‘terminate_in’.

Projects_from A connectivity relation where individual axons comprising a fiber tract are parts of a collection of neurons located in one or
more brain regions. This relation may be synonymous with ‘originate_in’.

Sends_output_to A subproperty of project_to relation where neurotransmission is sent from one brain region to one or more other
brain regions.

Receives_input_from A subproperty of project_from relation where neurotransmission is received by one brain region from one or more other
brain regions.

Has_pathway A connectivity relation where a collection of neurons located in brain region A sends_output_to a collection of neurons
located in B via axons comprising the fiber tract from brain region.
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